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Abstract. During the last century, conventional plant breeding, mostly based in the evaluation 
at the phenotypic level, has been very successful in increasing the crop yields and in consequence the 
global production of food. Maize, rice and wheat, the three most important staple crops for mankind, 
are typical examples of the dramatic increases in yield achieved thanks to the application of the 
combination of new cultivars with improved cultivation techniques. Conventional plant breeding has 
been based in developing efficient methodologies for exploiting the available phenotypic variation 
present in the crops and wild relatives. However, the recent advances in genomics, which allow the 
direct study of the genotype and its relationship with the phenotype, are bringing a new paradigm shift 
in plant breeding. Developments in next generation sequencing (NGS) and bioinformatics, are 
providing breeders with new tools, like large collections of markers which facilitate, among others, 
developing ultra dense genetic maps, or obtaining new populations of interest in plant breeding, like 
near isogenic lines (NILs), introgression lines (ILs), or chromosome substitution lines (CSSLs). Also, 
new approaches like TILLING (Targeting Induced Local Lesions in Genomes) and EcoTILLING 
(Ecotype TILLING) are allowing discovering genetic variants for genes of interest. All these genomic 
tools are of great utility for plant breeding as they make possible genome-wide diversity studies of 
genetic resources, the discovery of genes and QTLs for traits and interest, and marker assisted 
selection (MAS) including backcross selection, pyramiding of genes, „breeding by design‟, or genomic 
selection (GS). The availability and application of genomic tools is leading to a new Green Revolution 
that, hopefully, will be able to cope with the challenges faced by agriculture in this century.   
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ACHIEVEMENTS OF CONVENTIONAL PLANT BREEDING 
 
Plant food production has increased dramatically in the last decades. Average world 
yield of cereals has almost tripled in the last five decades, increasing from 1.35 t/ha in 1961 to 
3.51 t/ha in 2009 (FAOSTAT, 2011). This has allowed raising the production of cereals from 
877·106 t in 1961 to 2489·106 t in 2009, with an expansion of only 9% of the cultivated area. 
Increases in the production of cereals have outpaced the growth of population, so that in 2009 
the cereal production per capita was of 365 kg/person/year, compared to 285 kg/person/year 
in 1961. The food surpluses have even allowed devoting millions of tons of cereals to the 
production of bio-ethanol fuel (Balat and Balat, 2009). The unparalleled yield improvements 
in the last century have resulted from improved cultivation techniques and new varieties, and 
although different estimates exist depending of the crop and region, the effect attributable to 
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genetic gain has been very important, in some cases, like maize in the US, reaching up to 75% 
(Duvick, 2005; Tollenaar and Lee, 2006). 
Ever since the beginnings of the domestication of plants, some 10000 years ago, plant 
breeding has been extremely successful in developing crops and plant varieties that have 
allowed the development of modern societies, and have successively overcome the threat of 
neo-Malthusian predictions (Fedoroff, 2010). Pre-scientific plant breeding, carried out mostly 
by farmers, resulted in the domestication of about 7000 species of crop species (Khoshbakht 
and Hammer, 2008) and in the generation of a broad array of landraces, which, within a given 
crop, contain a huge diversity for many traits of agronomic interest (Newton et al., 2010). The 
application of conventional (pre-genomics) scientific breeding methodologies mostly using 
these landraces as basic breeding material has been the pillar for the development of modern 
cultivars that have contributed to the dramatic improvement of yield of most major crops 
since the middle of the 20
th
 century. Considerable improvements in the stability, quality and 
adaptation have also been achieved. 
 Many examples exist of the success of scientific plant breeding before the onset of 
genomics, but one of the most frequently reported is the case of yield improvements of maize 
in the US (Duvick, 2005; Tollenaar and Lee, 2006). Maize is a monoecious, and consequently 
outcrossing, crop for which 59 landraces have been identified in its center of origin (Mexico) 
(Vielle-Calzada and Padilla, 2009). Since 1930 maize yields in the US have increased by 
more than five-fold and the trend seems to be continuing with no evidence of a plateau effect 
in the short term (Tollenaar and Lee, 2006; Hallauer and Carena, 2009). These impressive 
yield increases have been preceded by the adoption of breeding innovations, which, 
sequentially, have been selection within open-pollinated varieties, double and three-way 
hybrids, simple F1 hybrids, and GMO F1 hybrids (mostly resistant to insects and herbicides) 
(Hallauer and Carena, 2009). Another outstanding example of the achievements of plant 
breeding, this time in autogamous crops, comes from the so-called Green Revolution, which 
resulted in dramatic increases of rice and wheat yields in many countries, in particular of 
Southeast Asia and Mexico (Jain, 2010). The identification of dwarf and semi-dwarf genes, 
allowed the development of new cultivars that could be subjected to higher rates of fertilizer 
without lodging, resulting in dramatic yield increases (Hedden, 2003). More recently, 
development of hybrids heterotic for yield, particularly in rice, has resulted in further 
significant yield increases (Cheng et al., 2007; Guimarães, 2009). 
The achievements in increasing the productivity of crops have resulted from the 
combination of the newly developed cultivars in combination with improved crop 
management techniques and practices, many times following a coevolutionary process, so that 
new varieties are obtained for adaptation to new management practices or growing conditions, 
and vice versa, in a clear example of exploitation of genotype x environment interaction (Bos 
and Caligari, 2007). At present, the combination of conventional breeding techniques with 
new biotechnological tools and approaches is clearly allowing further developments, so that 
breeders are witnessing the onset of a new biotechnology-based revolution of plant breeding 
(Varshney et al., 2005; Kole and Abbott, 2008; Tester and Langridge, 2010). In this respect, 
genetically modified (GM) crops have allowed significant increases in the yield and quality of 
many crops, and although GM crops are subjected to a tight legal and social scrutiny, in 
particular in some countries (Cunningham, 2003), they have shown that in many cases allow 
higher and stable yields that contribute to more production with less land (Fedoroff, 2010). 
New genomic tools and approaches, which have been developed thanks to the revolution in 
molecular biology and advances in DNA sequencing technologies are in most cases widely 
accepted, even for developing varieties for organic farming (Lammerts van Bueren et al., 
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2003),  and are leading to a genomics-based plant breeding. The application of genomics to a 
new plant breeding-based Green Revolution (Beddington, 2010; Jain, 2010) will be the 
subject of this contribution. 
 
THE KEYSTONES FOR THE SUCCESS OF CONVENTIONAL PLANT BREEDING: 
VARIATION AND SELECTION 
 
 The success of plant breeding in the pre-genomics era has relied in the utilization of 
available genetic variation and the efficient selection, by using suitable breeding methods, of 
the favourable genetic combinations (Bos and Caligari, 2007). A characteristic that 
differentiates the pre-genomics breeding from the genomics era breeding is that for the former 
both the evaluation and identification of genetic variants of interest as well as the selection 
methodologies used have largely been based in the phenotypic evaluation, from which the 
genotype or the genotypic value have been determined or estimated. In this respect, genomics 
represents a paradigm shift, by allowing the direct study of the genotype and its relationship 
with the genotype (Tester and Langridge, 2010). 
The wide-scale utilization of genetic diversity in the pre-genomics era has been 
facilitated by the existence of organized collections in germplasm banks, where many 
landraces have been stored before they were lost in the genetic erosion process resulting from 
their replacement by a few widely adapted genetically homogeneous cultivars (Cooper et al., 
2001). Germplasm banks also store many accessions of wild relatives, which in the particular 
case of the primary and secondary genepools, have also been used in some breeding 
programmes. In total, around 7.4 million accessions are stored in some 1750 germplasm 
banks in the World (FAO, 2010), and in many cases data of characterization and evaluation 
exist for many of the accessions. These genetic resources, together with other materials 
obtained by techniques that allow an increase in the available variation (e.g., artificial 
mutation, somaclonal mutation, wide-hybridization, genetic transformation, etc.), have 
represented the source of genetic variation used in breeding programmes and are also a main 
resource for genomics-assisted breeding (Varshney and Tuberosa, 2007a, 2007b).       
Breeding methods for an efficient selection have been developed using Mendelian and 
quantitative genetics approaches (Bos and Caligari, 2007). These breeding methods try to 
exploit the genetic variation for additive, dominant, and epistatic effects to increase the 
frequencies of existing or newly obtained favourable genetic combinations. Breeding methods 
can be very simple, like the individual or mass selection in a genetically heterogenous 
population, or very sophisticated, including complicated mating designs and elaborated 
selection procedures in combination with biotechnological approaches (e.g., in vitro culture, 
polyploidy, use of molecular markers, etc.). The efficiency and suitability of the broad array 
of breeding methods developed depend on many factors, including the final objective, the 
populations and sources of variation available, and the reproductive system and genetic 
structure of the materials to be used. One of the most successful results of the application of 
breeding methodologies has been the exploitation of heterosis for yield resulting from crosses 
between genetically distant parents, which has been widely used to develop high yielding 
improved varieties (Goff, 2011).  Genomics is of great help for improving selection and 
breeding methods, as new genomic tools (e.g., extensive availability of molecular markers) 
can be incorporated into existing breeding methods, and new breeding approaches and 
methodologies can be developed thanks to recent advances in genomics (e.g., breeding by 
design, genomic selection) (Peleman and van der Voort, 2003; Varshney et al., 2005; 
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Varshney and Tuberosa, 2007a, 2007b; Collard and Mackill, 2008; Lorenz et al., 2011; Tester 
and Langridge, 2010).  
 
CONSTRAINTS OF CONVENTIONAL PLANT BREEDING 
 
 The main constraints of conventional plant breeding are that the evaluation and 
selection are, with few exceptions, based on the phenotype. Given that the phenotype is the 
result of the expression of the genotype in a given environment and that some traits, like 
yield, may have a polygenic inheritance with a high genotype x environment interaction, the 
efficiency of breeding programmes will largely depend upon the detection of the appropriate 
genetic variants that will be incorporated in the breeding programmes as sources of variation, 
and in the efficient selection of the adequate genetic combinations (Bos and Caligari, 2007). 
Here is where genomics can be of great assistance, as it allows a systematic and 
comprehensive study of the whole genome of plants and therefore may help to circumvent the 
problem of evaluating the genotype on the basis of phenotype, and therefore, by making a 
direct selection on the genotype, offers new opportunities for the discovery of new genetic 
variants of interest and for improving the efficiency of selection (Morgante and Salamini, 
2003; Kole and Abbott, 2008; Varshney and Tuberosa, 2007b; Collard and Mackill, 2008; 
Tester and Langridge, 2010). 
Domesticated species often have less overall genetic diversity than their wild ancestors 
as a consequence of the genetic bottleneck that narrowed the genomic diversity crops, as a 
result of a limited number of individuals or populations being involved in the domestication 
process (Gross and Olsen, 2010). In this way, a lot of potentially useful variation may have 
been lost during domestication. Contrarily to what occurred for genomic diversity, for the 
trait/s for which a crop is cultivated, during the evolution of the crop under cultivation, an 
increase of variation is frequently observed as a result of selection of mutants, introgression, 
migration, genetic drift, and recombination (Gross and Olsen, 2010). In order to identify 
adequate sources of variation, phenotypic selection has frequently been successful to identify 
genes with a large effect on the phenotype. However, on many occasions, existing favourable 
alleles of small effect, in particular for quantitative complex traits, have frequently remained 
unnoticed and have not been included in the gene pool used for breeding (Morgante and 
Salamini, 2003; Vaughan et al., 2007). Similarly, phenotypic selection also has the constraint 
that the masking effect of environment slows the efficiency of selection, and may result in the 
loss of favourable alleles during the selection process. Although the availability of molecular 
markers linked to genes or QTLs has helped during the last decades in the progress of 
breeding programmes (Sneller et al., 2009), for many traits and crops molecular tools 
frequently are not available (Varshney et al., 2010). In this respect, the broad-scale 
development of new markers and other genomic resources are helping to avoid this frequent 
limitation. 
The constraints of conventional breeding makes that further increases in major crops 
for yield or for other traits for which extensive breeding has been done is becoming 
increasingly difficult, and for some major crops the pace experimented for genetic gains in 
yield in the 20
th
 century will be difficult to be maintained if only existing pre-genomics 
technologies are used (Araus et al., 2008). Fortunately, genomics resources and tools are 
already available and are helping to give another quantitative leap in plant breeding. In this 
respect many advances are already taking place, and the superdomestication, defined as “the 
processes that lead to a domesticate with dramatically increased yield that could not be 
selected in natural environments from naturally occurring variation without recourse to new 
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technologies” (Vaughan et al., 2008), will require the combination of conventional breeding 
with crop genomics. Also, genomic tools and approaches will help conventional breeding in 
achieving important advances in the breeding of crops that from the point of view of genetic 
improvement have remained as orphan or neglected (Varshney et al., 2010). Therefore, while 
conventional pre-genomics plant breeding has been, is, and will be successful at improving 
our crops, the application of genomic approaches, tools, and resources to practical plant 
breeding will push forward the genetic gains obtained by breeding programmes. 
 
CONTRIBUTIONS OF GENOMICS TO A NEW GREEN REVOLUTION 
 
Genomics represents a paradigm shift in plant breeding, as it allows the direct study of 
the genotype and its relationship with the phenotype (Tester and Langridge, 2010). One of the 
main pillars of genomics-based breeding has resulted from the development of next 
generation sequencing (NGS) methods (Metzker, 2010), which nowadays allow sequencing 
whole plant genomes or transcriptomes in a short period of time and at an increasingly 
reduced cost. In this respect, at present sequencing projects for 135 plant genomes, most of 
them of crops and wild relatives, have already been completed or are underway. The 
availability of the DNA sequences of the genome or transcriptome is evident for breeders as it 
gives access to genes, their genomic position and function, as well as large collections of 
markers that can be used for obtaining high density genetic maps or for marker assisted 
selection (MAS) (Varshney and Tuberosa, 2007a, 2007b; Kole and Abbott, 2008; Tester and 
Langridge, 2010). However, the large amount of sequence reads also requires the 
development of bioinformatic tools that allow processing of the information in an automated 
way. Although several software programmes are available, there is a growing need of 
bioinformatic tools that deal in a more efficient way with the increasingly massive amount of 
genomic data produced. Other genomic tools of interest that are being of great interest for 
breeders come from the expression studies, of which, at present the most popular are the 
microarrays (Rensink and Buell, 2005), which allow studying the simultaneous expression of 
thousands of genes at a given time from a certain tissue from a plant subjected to specific 
conditions (stress, disease, etc.). Genomic approaches also involve a better exploitation of the 
diversity. In this respect both mutant collections or natural collections of germplasm can be 
screened for allelic variants of genes of interest by means of the TILLING (Targeting Induced 
Local Lesions in Genomes) or EcoTILLING (Ecotype TILLING) approaches (Till et al., 
2003; Comai et al., 2004). 
Genomic tools and resources are of great utility for applied plant breeding and mostly 
in the fields of genomic-wide genetic diversity studies, identification of molecular markers 
linked to genes and quantitative trait loci (QTLs) and for marker assisted selection (MAS) 
(Morgante and Salamini, 2003; Varshney and Tuberosa, 2007a, 2007b; Kole and Abbott, 
2008). In this respect one of the main challenges of breeders is to use in an efficient way the 
available genetic diversity, much of which remains untapped. The availability of new markers 
from genomic studies, like simple sequence repeats (SSRs) and, in particular, single 
nucleotide polymorphisms (SNPs), are facilitating genome-wide diversity studies in 
collections of germplasm and establishing core collections for use for breeders (Glaszmann et 
al., 2010) which facilitates the use of genetic resources for breeders and improves the 
strategies of germplasm conservation. Also, genome-wide genotyping is useful, when coupled 
with the phenotypic characterization of genetic resources, for elucidating the causative genetic 
differences that give rise to observed phenotypic variation (Jannink et al., 2011). 
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The availability of a wide array of molecular markers facilitates the identification of 
markers linked to genes using approaches like a combination of genetical genomics and 
bulked segregant analysis (BSA) (Chen et al., 2011). Also, availiability of markers are 
contributing to increase the accuracy in the detection of QTLs from mapping populations, 
which include special populations that require of genomic tools for being obtained and 
exploited by breeders, like recombinant inbred (RILs), near isogenic lines (NILs), 
introgression lines (ILs) or chromosome segment substitution lines (CSSLs). Also, apart from 
the detection of genes and QTLs based on linkage analysis in mapping populations, 
association mapping, which is based on the natural diversity and the many more 
recombination events occurred in the history of a germplasm collection, provide a better 
resolution of the genetic maps thanks to the availability of markers distributed throughout of 
the genome (Zhu et al., 2008). At present, two association mapping methodologies are being 
used, namely candidate gene association, and genome-wide association (GWA) (Zhu et al., 
2008).  
Another important contribution of advances in genomics for plant breeding comes 
from marker assisted selection (MAS), where the selection is carried out on the basis of a 
markers instead of the trait itself, and which relies in the linkage of the marker and gene or 
QTL of interest (Collard and Mackill, 2008). In this respect, NGS sequencing projects 
produce large collections of markers, which not only allow obtaining markers tightly linked to 
genes and QTLs, but also developing intra-genic (or functional) markers which overcomes the 
possibility of recombination between the functional gene or QTL and the marker (Andersen 
and Lübberstedt, 2003; Metzker, 2010). Within MAS, the availiability of markers spread 
throughout the genome facilitates introgression of individual or multiple genes or QTLs from 
one or several donors into the genetic background of a recurrent parent, as well as the gene 
pyramiding (i.e., the introduction of several genes or QTLs controlling traits of interest in a 
single genetic background). Another powerful application of MAS is the „breeding by design‟ 
approach (Peleman and van der Voort, 2003), which allows predicting the outcome of a set of 
crosses on the basis of molecular markers information. Currently, other possibilities such as 
GWA, which avoids the limits of biparental populations, have been adapted to the „breeding 
by design‟ approach. A new application of MAS, which has been developed in the last years 
is genomic selection (GS) (Jannink et al., 2010), which is based on the simultaneous 
estimation of effects on the phenotype of all loci, haplotypes and markers available without a 
previous selection of markers with effects on the phenotype. GS requires availability of 
phenotypic and genotypic data and the establishment of a genetic model, so that the 
differences in the phenotype are explained by the markers analysed (Jannink et al., 2010; 




Plant breeding is a dynamic science that has experimented a tremendous development 
during the last century, which has allowed providing an increased production of food per 
capita and other plant products for a growing population. However, new challenges associated 
to climate change, restriction in the availability of new lands, deterioration of some of the 
agricultural environments, and the need of a more environment friendly and sustainable 
agriculture requires new approaches for a new Green Revolution. In this respect, the 
development of genomics helps conventional breeding in exploiting the natural or artificially 
created diversity for developing new cultivars with improved characteristics that, hopefully, 
will help to address these challenges successfully.  
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